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Abstract
Use of an intermediate gas in the reaction chamber of an inertial fusion power reactor is under consideration to decrease the thermal shock to the walls resulting from target implosions. A model was developed and implemented in HEIGHTS package to simulate hydrodynamic and radiation shock waves in the chamber and used to determine the effect of xenon gas at various densities ranging from mtorr up to tens of torr. Numerical calculations for the dense-gas case indicated that two pressure peaks result from the shock wave interacting with the chamber wall, and radiation energy accumulates directly in front of the hydrodynamic shock wave. The shock wave should reach a maximum pressure peak when the chamber gas has a density between the two extremes analyzed. In general, calculated results with our model compared favorably with previously published data.
Introduction
The chamber walls in inertial fusion energy (IFE) reactors are exposed to harsh conditions following each target implosion. Key issues of the cyclic IFE operation include: intense photon and ion deposition, wall thermal and hydrodynamic evolution, wall erosion and fatigue lifetime, and chamber clearing and evacuation to ensure chamber conditions prior to target implosion. In the past, several methods for wall protection have been proposed, each having its own advantages and disadvantages. These include solid bare walls, gas-filled cavities, and liquid walls/jets. Detailed models are developed for reflected laser light, emitted photon, and target debris deposition and interaction with chamber components and implemented in the comprehensive HEIGHTS package. Hydrodynamic response of gas-filled cavities and photon radiation transport of the deposited energy is calculated in detail using new and advanced numerical techniques for accurate evaluation.
The overall objective of this proposed task is to create a fully integrated model within the frame of the HEIGHTS package to study chamber dynamic behavior after target implosion. This includes cavity gas hydrodynamics; the particle/radiation interaction; the effects of various heat sources such as direct particle and debris deposition, gas conduction and convection, radiation transport; chamber wall response and lifetime; and the cavity clearing. The model focuses on the relatively long-time phenomena following the target blast up to the chamber clearing in preparation for the next target injection. This should include both micro and macroscopic particles (i.e., mechanisms of generation, dynamics, vaporization, and condensation and deposition due to various heat sources: direct laser/particle beam, debris and target conduction, convection, and radiation). These processes are detrimental and of significant importance to the entire success of inertial fusion power reactors.
Interpretation of the initial results from these calculations poses some challenges. For example, the numerical calculations require very small time steps for the artificial uniform deposition of energy in any central area of the chamber. Further, initial abrupt gradients of some parameters along with uniform gradients of others do not describe a real physical situation. Finally, the numerical scheme needs time in relaxing to the normal state. This process can be the source of additional instabilities in solving the hydrodynamic and radiation transport problems. In this report, energy deposition is initiated in the chamber by simulation of real target X-ray flux. The model below describes the generation and propagation of shock waves in the chamber-gas Xe for a closely-coupled heavy ion-beam (HIB) target explosion (115 MJ X-ray) and is used to determine its influence on the first-wall radiation flux.
Physical Description
As an example for modeling the X-ray output source as a result of target implosion, we used a closely-coupled HIB target with total deposited energy of 115 MJ in 10 nsec. The spectrum of this target is described using a "three-temperature" fit equation [6] :
where T is photon energy in keV, and the coefficients for the HIB target output spectra are:: c1 =5.73⋅109 J/keV4, T1 =0.183 keV c2 =5.84⋅107 J/keV4, T2 =0.65 keV (2) c3 =38.9 J/keV4, T3 =12.0 keV Figure 1 shows the calculated X-ray spectra using the above equation. This figure agrees well with that presented in Ref.
[6]. The main goal of our simulation was ell by using real-time and spectrum parameters. The spectrum of radiation was divided into 1350 groups of photon energies. Total radiated energy was calculated for each group. We assumed uniform X-ray flux over time. In this way, it is possible to consider additional flux with calculated energy distribution in the central cell. According to the developed algorithm, generated fluxes were angle averaged and the energy deposition was determined in time steps. Note that in the described problem, the target radiation warms the whole chamber except for the first cells in the model, and energy deposition does not occur in the center of the ball formed by the shock wave. To correct this case, we have made hyperbolic extrapolations of the first-cell total energy at each time step. We used energy data from adjacent cells for this correction. Extrapolation of energy in the first cell is over by the end of target implosion (10 nsec). The initial distribution of deposited energy is formed at this moment, and thus we have a good approximation for describing the X-ray source. Figure 2 shows a schematic illustration of the initial distribution of energy and pressure in the chamber gas after target implosion.
Fig. 2 Scheme of initial conditions for numerical calculations
The density and temperature of the working gas will determine the conditions of radiation propagation and the magnitude of the energy deposited in the gas and at the wall. For our calculations and to compare with previously published results, we studied three cases [7] : (1) 3.0-m chamber radius and 23 torr Xe gas pressure, (2) respectively. The heavy X-ray absorption in case 1 for the high-density Xe, is desirable since it will reduce the direct energy deposited at the wall. These curves were calculated with the forward-reverse radiation transport method without taking into account detail lines distribution. 
Calculation Methods
Hydrodynamic calculations were performed with the TFD-LF formulation. The TVD schemes ensure that the total variation in the calculating area ∆Χ does not increase with time [2] :
The usual method of predictor-corrector algorithm is unstable and requires the addition of an energy dissipation mechanism at the front of the shock waves. This mechanism can be artificial diffusion, increased viscosity, etc. The coefficients for these mechanisms can be adjusted to obtain better results, but that problem-dependent approach is not in the spirit of modern shockwave capturing schemes. The TVD method is a part of the essentially non-oscillatory (ENO)
schemes. There is no generation of nonphysical oscillations along the shock waves in these schemes. Mechanisms of numerical dissipation with controlled automatic feedback allow transformation of shock-wave kinetic energy into heat energy. It is even possible to solve shockwave problems within 2-4 cells only.
The gas-dynamics equations in spherical coordinates are
The same in matrix form is:
In these equations,
For a closed system (1), one can use the ideal gas equations
or the real thermodynamic properties of the gas taken from published tables. In our calculations we used the real properties of Xe gas calculated for the chamber condition with collisionalradiative equilibrium (CRE) model. Two TVD methods exist for numerical calculation of the system (2): monotonic-upwind-schemes-for-conservation-laws (MUSCL) and non-MUSCL.
The non-MUSCL method is based on characteristic waves and uses the c eigenvalues and the A full numerical algorithm with difference scheme for the 1D spherical case solved by TVD-LF is given in the appendix. It is necessary to explain the basis of the TVD method, slope limiters.
Slope limiters are used in TVD-LF for calculation of U ∆ differences for conservative variables and provide the mechanism of energy dissipation between model cells. The simplest slope limiter can be defined by a minmod function which can be written for any variables w1, w2,…,wn. as A minmod function with two variables is also used in TVD-LF for calculating fluxes at the cell borders. The core of HEIGHTS-IFE hydrodynamic package was developed based on the methods briefly described by the above principles. It was written and tested for the 2-D cylinder geometry, and 1-D spherical geometry. Three-dimensional code for rectangular Cartesian geometry is under construction. This feature avoids the implementation of a curvilinear coordinate system that has coordinate lines (surfaces) coincident with all boundaries. It is known that incorporation of unstructured grids into a code has a significant effect on calculation complexity and computational time.
To validate the package and to test implemented models, supervelocity flow around a sphere was computed and compared to published experimental data. Figure 5 shows the excellent agreement between experimental data [8] and the present computation of density distribution in the shock wave before a sphere. Good agreement has also been obtained between computation (Fig. 6 ) and the experimental data of Van Dyke [9] for the shock wave shape and stand off distance. Reasonable agreement was attained for the flow structure.
Figure 5 -Comparison of of TVD-LF curve with experimental data of Lubimov and
Rusanov [8] . Shock wave is due to 1.5 M flow around a sphere. 
Hydrodynamic Phenomena
Generation of the shock wave starts in the Xe chamber gas as a result of gradient energy
deposition. An area of high pressure is formed at the chamber center. Gas particles appear near the center of the shock acceleration. Subsequent evolution of this acceleration strongly depends on the initial Xe density. For this reason, we considered two gas variants: a dense (case 1) and a rarefied gas (cases 2 and 3).
The initial energy deposition (and pressure) is higher in the denser gas. As a result the initial acceleration of the shock wave is also higher. The 5-µsec curves in Figs. 7-9 confirm this conclusion. The velocity distributions for 10, 30, and 50 µsec show higher deceleration of wave propagation in the denser gas. Since the acoustic velocity is less in the denser gas, supersonic flow in case 1 ( Fig. 10 ) is much higher than in cases 2 and 3 (Figs. 11 and 12).
Photon radiation transport has an important effect on the hydrodynamics of a dense gas. The emitted photon radiation behind the shock wave is absorbed in front of the wave. Heating of the gas occurs at a distance of the quantum free path from the shock wave and subsides in consequence of radiation flux absorption. The shock wave propagates in the heated gas. In contrast to the rarefied gas cases, the temperature is higher before the wave and usually is lower after the wave. Front gas heating brings about a pressure increase and deceleration of the gas in the shock-wave coordinate system. The system is thus closed: radiation transport influences on the hydrodynamics and the hydrodynamics influences the radiation. The gas particles absorb additional energy in the front shock wave and lose it after the front.
This equilibrium is, however, disturbed when the heated area arrives at the wall. In cases 2 and 3, the above-described processes are feebly present. The 0.96 and 0.21 torr Xe gas is transparent enough for radiation, and energy deposition in the front wave is small. Figure 13 presents the pressure distribution in the high-density case 1. An increase of pressure in the front and decrease after the wave is observed. Figures 14 and 15 show the "classical" case of spherical explosion without radiation transport [10] . The pressure before the front in the stationary wave is approximately half that after the front. Note that the 300-µsec curve in Fig. 14 is the reflected wave from the wall, and in Fig. 15 it corresponds to interaction with the chamberwall shock wave. Energy redistribution (case 1) opposes as the final result to gas particle transfer. The peak density diminishes as a result of the motion of the shock wave to the wall (Fig. 16 ). This decline does not take place in the rarefied Xe (Fig. 17 and 18 ). The temperature curves differ significantly. Note that, we do not find rapid temperature dispersal in the central area in the case of dense or rarefied gas. That generalization holds when taking into account either hydrodynamic or radiation transport features. 
Results and Discussion
The existence of a shock wave in the chamber influences the dynamics of the accumulation of energy by the wall. Apparently, the less density of the working gas, the higher the first time radiative flow. Figure 22 shows wall radiation vs. flux time curves for all three cases. Case 3
shows the most power for the first-time radiative flow to the wall. By comparison of density it locates nearer to the target (R = 4.5 m), and its square is much lower than that for Case 3. There is an intensive absorption of radiation by the dense Xe gas of the first case. During target implosion, energy is depositing at the chamber center, and the shock wave is being generated. A stable radiative flow starts after the end of target implosion. The radiant energy is highlighted on the wall through a non-perturbed gas layer. The period of constant flux is equal to the passage of time for hydrodynamic perturbation of the first wall. For cases 1, 2, and 3 this time is ~ 50, 150, and 250 µsec, respectively. Note that in case 3, with dense Xe, it is the time for arrival of the warmed area. Direct arrival of the shock wave is indicated by the second local flux maximum at ~450 µsec. A slow decrease of radiative flow starts after interaction of the shock wave and the chamber wall. As expected, the greatest first-energy deposition occurs in graphite with the low-density gas. It is approximately ~35% for case 2 (4.5 m, 0.96 torr), and ~63% for case 3 (6.5 m, 0.21 torr). For case 1 (3.0 m, 23 torr), only ~5% of target energy absorbs the wall in the first 10 nsec. However, the dense gas is an effective barrier for radiation energy only in the first ~250 µs. After this time, total energy deposited in the chamber wall is higher, as in the rarefied gas cases. The total energy curve asymptotically approaches the 100 kJ level. Two local peaks are also observed on the pressure-time-curve of the dense gas case (Fig. 24) . Comparing Figs. 24 and 13, we conclude that the first peak is mainly caused by the heated area in front of the shock while the second peak is due to the shock wave itself. For the rarefied gas, the shock wave front does not have the pronounced heated area so that the additional peaks do not appear on the appropriate pressure curves. The curves reflect only the result of shock wave-wall chamber interaction. Figure 24 indicates an indirect dependence of initial gas pressure (or initial density) on the amplitude of the pressure peak in the chamber wall. Apparently, there are initial conditions for the target at which the amplitude of impact at the first wall reaches a maximum. We have compared our calculated pressure impact on the wall with BUCKY [7] results, (Fig. 25) . The BUCKY results do not show the shock wave impact on the curves 2. Radiation transport calculated using the "forward-reverse" method was determined to be valid for both optically thin and thick media.
3. Two cases (target implosion in a chamber filled with dense and rarefied Xe gas) were studied.
4. Radiation energy transport from the back to the front of the shock wave was found in the case of the dense gas (23 torr Xe).
5. Hydrodynamics and photon radiation transport calculations were performed, and gas/wall pressure evolution was calculated.
6. In the dense gas case, the hydrodynamic shock wave produced two pressure peaks interacting with the chamber wall. The energy of impact decreased as the amount of radiation redistribution of wave parameters.
7. It is anticipated that the shock wave will have a maximum pressure peak at the wall for a middle density of the studied working gas in the chamber.
8. Calculated results were compared favorably with other published data.
